Abstract. The quality of temperature distributions that can be generated with the multielectrode current source (MECS) interstitial hyperthermia system, which allows 3D control of the spatial SAR distribution, has been investigated. For the investigations, computer models of idealized anatomies were used. These anatomical models did not contain discrete vessels. Binary-media anatomies, containing media interfaces oriented parallel, perpendicular or oblique with respect to the long axis of the implant, represent simple anatomies which can be encountered in the clinic. The implant volume was about 40 cm 3 .
Introduction
Local hyperthermia systems currently in practical use are limited in providing control of the temperature distribution reached during treatment. This fact is reflected in the poor temperature distributions obtained in the clinic (Oleson et al 1993) : the heating systems are unable to cope with the complex cooling field and tissue heterogeneity present in the treatment volume (Chato 1990 , Lagendijk 1990 , Paulsen 1990 , Roemer 1990 . Our simulations and model experiments , Lagendijk et al 1993 suggest that the problem of controlling the blood flow related spatial variation of the temperature in local hyperthermia can be solved: if the power deposition (SAR) can be controlled at a centimetre scale, the vascular cooling can be accounted for and excellent temperature distributions can be expected. In electromagnetic hyperthermia techniques the spatial variation of the electrical conductivity further complicates the control of the temperature in the target volume (Paulsen 1990, Sowinski and van den Berg 1990) . Large contrasts in the electrical conductivity occur in clinical situations (Johnson and Guy 1972 , Hand et al 1982 , Chen and Gandhi 1989 , Stuchly et al 1982 .
Along with the great electrical contrast, the (effective) thermal conductivity, the specific heat and the microvascular perfusion may also vary considerably (Chen and Holmes 1980 , Lagendijk et al 1988 , Lyng et al 1991 , Bowman et al 1992 . 0031-9155/96/030429+16$19.50 c 1996 IOP Publishing Ltd In this paper the influence of the (bulk) tissue inhomogeneity will be considered in the context of our 27 MHz multi-electrode current source (MECS) interstitial hyperthermia (IHT) system (Lagendijk et al 1995) . The MECS technique is designed to deposit HF energy in tissue through electrodes inserted in plastic catheters (Visser et al 1989) . Several independent electrodes can be operated in a single catheter. This provides control of the power deposition along the catheters so that the power can be adapted to possible inhomogeneities. A thermocouple string inside the catheter is used to measure the temperature along the probes, allowing direct feedback power control.
The simulations are performed using temperature data obtained with our finite difference SAR and thermal models (Lagendijk et al 1995 , Kotte et al 1996 , De Bree et al 1996a . The programs allow the modelling of fully inhomogeneous tissue properties. The anatomies used in this paper are uncomplicated and allow focusing on some important tissue related criteria for the design of treatment plans for IHT. Discrete vasculature is not considered here. Although the incorporation of discrete vasculature in the models is essential for obtaining information on the details of the temperature distribution (Chato 1990 , Lagendijk 1990 , Roemer 1990 , in this study we focus on the effects of tissue heterogeneity. We have evaluated cases with a pure k eff approach and, alternatively, using the mixed k eff /bioheat transfer equation .
Methods

Computer simulation
The SAR model and the thermal model used to investigate the MECS system are part of the interstitial hyperthermia treatment planning system which is being developed in Utrecht (Lagendijk et al 1995 , De Bree et al 1996a , Kotte et al 1996 . The models are used to simulate treatments using the MECS IHT system in predefined anatomies. Model resolution and volume are limited by the data acquisition resolution and by computer memory; in general, we can work with voxel space of 100 voxels × 100 voxels × 100 voxels and a spatial resolution of 1 mm. The models used in the simulations described here had a size of 25 voxels × 25 voxels × 40 voxels; the voxels had a size of 2 mm in each direction. The reason for the rather coarse grid size was the gain in speed of the simulations (about 2 instead of 60 h of processor time to reach steady state for a single simulation set-up). The results of the coarse-grid simulations were consistent with sample runs performed at a grid spacing of 1 mm.
During treatment simulation, the SAR model and the thermal model are executed in turn. Electrode currents for the SAR model are determined from the output of the thermal model and the electrode currents used in the previous cycle of the simulation. Employing the assumption that there is a proportional relation between the square of the output current I and the temperature at the control point T we compute the new current I new from the old temperature T control (which is the highest temperature occurring in the set of voxels constituting the electrode considered), the old current I old and the set-point temperature T set as follows:
This procedure converges if a suitable value for the time interval of a single run of the thermal model is chosen. After a sufficient number of iterations of the control loop, the simulation reaches a steady state where all electrode temperatures are at their set point and the temperature in the whole of the volume becomes stable. At this point, the maximum temperature in the volume is close to the set-point temperature; the SAR is highly peaked near the catheters and there are no other SAR maxima in the volume; the temperature maxima occur near the electrodes, where the temperature is limited to the set-point temperature by the control algorithm. The resulting steady state temperature distribution is used to evaluate the treatment set-up considered.
2.1.1. The power deposition model. The estimated power density distribution (W m −3 ) in the modelled implant is computed using a finite-difference algorithm solving the Poisson equation (Sowinski and van den Berg 1990 )
This PDE follows from a quasistatic approximation of the Maxwell equations. The electrodes are described in a grid independent fashion (De Bree et al 1996b) using an analytical approximation of the potential distribution near the electrodes. The power deposition is derived from the calculated potential distribution, combined with the electrical media properties. (Kotte et al 1996) is based on a finite difference algorithm, solving the mixed heat-sink/k eff bioheat transfer equation (Pennes 1948 , ESHO task group report 4 1992 :
The thermal model. The thermal model
where ρ is the density in kilograms per cubic metre, c tis the tissue specific heat in joules per kilogram per kelvin, k eff the thermal conductivity in watts per metre per kelvin and P the power absorption rate in watts per cubic metre. The modification factor f , dependent on counter-currency and vascular network properties, was chosen equal to 1.0; W b is the volumetric perfusion rate in kilograms per cubic metre per second and c b the specific heat of blood in joules per kilogram per kelvin. Without loss of generality, the arterial inflow temperature T art is taken equal to zero. The discrete vessel facilities of the thermal model were not used for the simulations described in this paper.
Model anatomies
To investigate the influence of longitudinal control in the MECS system we have performed computer simulations in several anatomical models. The implant is a hexagonal prism with a length of 50 mm. The catheters are placed along the vertices and long axis of the prism with a spacing of 15 mm. The two main variables in the simulations were the anatomical structures in which the simulations were performed and the number of individually controllable segments per implanted probe. Allowing for some margin around the implant the grid size was chosen at 50 mm × 50 mm × 80 mm.
The following four anatomies were defined:
(i) homogeneous tissue (homogeneous); (ii) two half-spaces, interface plane perpendicular to the long axis of implant (horizontal plane);
(iii) two half-spaces, oblique to the interface plane (oblique plane) and (iv) two half-spaces, interface plane parallel to the main axis of the implant (vertical plane).
In the text, we refer to these media configurations using the designations in brackets. The given anatomies facilitate investigation of a number of basic situations arising in clinical practice. Figure 1 illustrates the principal planes of the interfaces between the half-spaces present in the modelled implants. 
Tissue properties.
The thermal and electrical tissue properties used in the simulations represent plausible contrasts and are summarized in table 1. In the table, Homogeneous corresponds to the homogeneous anatomy and Heterogeneous to the situations with half-spaces. The fat and muscle tissue properties were taken from the averaged values in the ESHO/COMAC task group report on treatment planning and modelling in hyperthermia (ESHO task group report 4 1992). When moderately high perfusion levels of 6 kg m −3 s −1 for 'muscle' and 1.5 kg m −3 s −1 for 'fat' are assumed, a k eff /k ratio of about three can be expected (Crezee et al 1991) , which yields the values tabulated.
Two levels of blood flow were investigated using the heat-sink (W b ) term present in the thermal model: zero blood flow and the higher blood flows just mentioned. This variation was applied to investigate the qualitative influence of the heat sink on the results.
Boundary conditions.
The boundary conditions on the computational volume influence the shape of the electrical potential and temperature distributions at and inside the convex hull of the implant.
At the border of the computational grid the electrical conductivity is set to one-tenth of the lowest tissue conductivity to simulate a shell of 10 mm extra tissue between the interior of the computational volume and its (fixed-potential) boundary, which is then effectively at some 20 mm from the implant. In this way, the number of voxels in the model can be kept limited, while the potentials are not influenced too much by a nearby boundary.
The fixed-temperature boundary conditions mimic the presence of large thermally unequilibrated vessels at 37
• C at some distance from the implant by choosing the thermal conductivity at the boundary of the computational volume equal to one-tenth of the lowest tissue conductivity in the model volume. This effectively moves away the fixed temperature border of the computational grid to about 20 mm from the implant.
Implant definition.
The basic configuration is an implant with the 'needles' or 'probes' placed on a hexagonal grid with a nearest-neighbour distance of 15 mm. In each probe, between one and four electrodes are placed along an 'active section' which has a length of 50 mm (see figure 1) . The ratio of the length of the electrodes to the length of the gaps between the electrodes was 2:1. Thus, the electrode segments had lengths of 50, 20, 12 and 9 mm.
The modelled electrodes have a diameter of 2.1 mm. The computational grid has a resolution of 2 mm. The potential distribution calculated by the SAR model was corrected for the discretization errors occurring near the electrodes using the method described by De Bree et al (1996b) .
The position of the interface between the media was varied by shifting it from the centre of the implant outwards. Thus, the ability of an implant to cope with unknown details of the tissue properties in the target volume was investigated. This is essentially a situation in which no planning is done before treatment.
In figure 2 the variation of the position of the media interface in the computational volume is illustrated. 
Target volume
The target volume or region of interest is the set of voxels used to evaluate temperature distributions. It is desirable to select a volume which is 'clinically relevant'; there are many seemingly equivalent alternatives at hand (Dutreix 1988) . The target volume chosen here is the convex hull of the active sections of the implant, limiting evaluation of temperature distribution to the bulk of the implant.
Comparison of distributions
The cumulative temperature volume histogram (CTVH) is used to judge the quality of the temperature distribution in the target volume. To facilitate a comparison of many different simulations a simple measure of the quality of the resulting temperature distribution is desired. In this case, T 10 − T 90 has been used, which has the drawback that information about absolute temperature levels is lost. In these simulations that is not a problem because T 10 is close to the set-point temperature due to the control method used.
In this paper the convention is used that n per cent of the volume of interest has a temperature higher than T n . For instance, if T 10 = 5.0 K, the volume fraction with a temperature higher than 5.0 K is 10%.
Results
Homogeneous volume
A cross-section through a plane containing electrodes in the anatomy used for the calculations in the homogeneous volume is shown in figure 3 . The tissue properties used in the homogeneous volume can be found under 'homogeneous' in table 1. The bio heat transfer factor W b was not varied and equal to zero. The results from the simulations are summarized in figure 4 . Clearly, the CTVH is very similar for different longitudinal segmentations. The single-electrode result is slightly more inhomogeneous than the other simulated temperature distributions. 
Dual media
The dual media simulations shown here were set up with the tissue properties shown under 'muscle' and 'fat' in table 1. Three orientations of the interface plane with respect to the long axis of the implant were investigated (see figure 1) .
Horizontal division.
The simulations with the interface plane between the contrasting media parallel to the long axis of the implant were performed using the anatomy depicted in figure 5 . This figure illustrates the four different electrode segmentations used throughout this paper.
All simulations involving the horizontal plane were performed twice, with and without a heat-sink (W b ) term in the calculations. In the range of W b 's employed no significant effect on T 10 − T 90 was observed. However, as can be seen by comparing figures 7 and 6 there is a longer tail on the CTVHs in the W b > 0 case. This means that both T 10 and T 90 have shifted to lower temperatures. In the W b > 0 case the power output of the modelled electrodes was consistent with the expected larger heat removal from the volume due to the presence of a non-zero heat-sink term.
The results of a number of steady state simulations with the interface plane displaced in the direction of the long axis of the implant (the normal on the interface plane) can be found in figures 8 and 9. T 10 − T 90 is of the order of 2 K in the most favourable cases. This is the residual inhomogeneity, which is also present in the homogeneous case (see figure 4) . In contrast with the homogeneous case, the single electrodes perform badly, with T 10 − T 90 equal to about 5 K in all cases.
Note that T 10 − T 90 increases significantly when the planes of electrodes located closest to the border of the implant are reached by the interface. This is caused by the fact that the temperature gradients in the interior of the implants are relatively small, as long as the temperature at the boundaries of the implant is near the set point. When the outer layer of sources becomes affected, the temperatures at the border can no longer be maintained and the temperature control in the target volume is compromised.
Oblique division.
The results for the oblique interface plane (illustrated in figure 12 below) are similar to the results for the horizontal plane but the variation of T 10 − T 90 is smaller. This is because a smaller number of boundary sources are jointly influenced, they are further apart and neighbouring sources can, to some degree, make up for the loss of power deposition of the affected electrodes.
Notice the failure of the monoelectrodes in the temperature-volume histogram in figure 11.
Vertical division.
The simulations for the case where the interface between the contrasting media was oriented parallel to the long axis of the implant were performed using the anatomy depicted in figure 13 . The isotemperature plot shows a nice distribution, although the temperature distribution contains regions with temperatures slightly above the set point (excess < 0.2 K). This is partly due to the electrode phase configuration.
The CTVH of the target volume for the simulation with the interface plane through the centre of the implants is shown in figure 14 ; the cumulative histograms are very similar to those of the homogeneous simulation, depicted in figure 4. The CTVHs of simulations performed in the same implants with the interface plane displaced in the X-direction are shown in figure 15 . It is clear that the inhomogeneity has virtually no effect on T 10 − T 90 . This is due to the fact that none of the electrodes passes perpendicularly through the interface between the media.
Discussion and conclusions
Anatomies and tissue properties
Idealized anatomies are used in this paper. The binary-media anatomies, containing media interfaces oriented parallel, perpendicular or oblique with respect to the long axis of the implant, represent simple anatomies which can be encountered in clinical implants. A homogeneous anatomy is used as a control.
The tissue properties used in these simulations represent a relatively large inhomogeneity of the thermal and electrical properties. The contrasts encountered in clinical practice may be smaller. 
Comparison of results with clinical data
The cumulative temperature-volume histograms used here as a primary means of evaluating temperature distributions in a target volume were constructed from the calculated temperatures of all voxels in the simulation target volume at a single point in time. They are not directly comparable to CTVHs obtained in clinical measurement; in general, the latter are constructed from thermal sensor readings at a limited number of locations in the target volume during an extended period during which the temperature distributions are subject to change. Because of this sample collection procedure the clinically measured CTVHs contain systematic errors.
Kapp et al achieved T 10 − T 90 of 3 K and T 90 40.7
• C in anal carcinoma treated with hot-water tubes, a system with reasonable longitudinal control (Kapp et al 1993) . Results from interstitial systems without longitudinal control, similar to our single electrodes, yield higher values of T 10 − T 90 . For example, using microwave antennas in the brain, Seegenschmiedt et al (1994) found T 10 − T 90 = 3.4 K at T 90 = 39.8
• C. In the prostate, using an RF system, Prionas et al (1994) obtained T 10 − T 90 4.5 K with T 90 = 39.6
• C. The clinical data quoted above were obtained using thermometry in dedicated catheters so that the T 10 − T 90 values are probably too low due to an underestimation of T 10 . Ryan et al also included temperature data from within the applicators and obtained T 10 − T 90 8 K at T 90 = 40.8
• C using microwave antennas in the brain (Ryan et al 1994) . A more correct practical way of comparing clinical results with the model calculations could be to reconstruct CTVHs from the simulations containing similar systematic errors by sampling the computed temperature distribution in a comparable way, choosing measurement points along representative catheter tracks.
Influence of W b on the temperature distributions
The temperature distributions simulated in this paper are dominated by conductive transport of heat from the implant. Comparison of heat removal due to the heat-sink term in (2) with the conductive heat transport through the convex hull of the implant reveals that these two terms become equal only for very high W b , much higher than the values used in this paper. This reflects the fact that the implants are small (the volume in the convex hull of the active sections was 43 cm 3 ) and have a relatively large surface-volume ratio, which is true for most interstitial implants.
When the perfusion term W b is varied within moderate limits, effects observed on T 10 − T 90 are small (see figures 8 and 9). However, the absolute values of T 10 and T 90 decrease when W b increases, indicating a steeper temperature gradient near the electrodes than in the non-perfused case (see figures 6 and 7). This is in accordance with the results published in the literature (Strohbehn 1983 , Strohbehn et al 1982 , Mechling and Strohbehn 1986 , Deford et al 1991 , Crezee et al 1991 . At the chosen values of W b we observed that the calculated temperature profiles were effectively independent of the thermal conductivity chosen at the boundary of the computational grid. This means that in this case the heat-sink determines the boundary condition but still most of the heat is removed from the implant by thermal conduction through its convex hull.
Treatment planning and spatial control
This study shows that even with high contrasts in electrical and thermal conductivity in the implant it remains possible to obtain satisfactory temperature distributions with the MECS system. Due to its 3D spatial control the temperature homogeneity in the implant can be made quite satisfactory, with T 10 − T 90 of the order of 2-3 K. Treatment planning must ensure that the placement of the current source electrodes is compatible with the media configuration.
Treatment planning can be traded to spatial control. A good temperature distribution can be achieved if there is enough control over the physical SAR distribution to cope with the cooling field. Scanned focused ultrasound systems provide this and have the advantage of not being invasive; however, insufficient information on the temperature distribution is available for on-line adjustment of the power deposition. The solution of this problem is the insertion of temperature sensors in the treatment volume-losing the advantage of noninvasiveness. The MECS interstitial hyperthermia system provides both 3D spatial SAR control and the thermometry required for feedback control.
The minimum sensible length of the individual controllable electrodes is of the order of the catheter spacing. Using shorter electrodes does not notably improve the temperature distributions in well positioned implants. Temperature control improves dramatically when going from one to two segments; further segmentation has less effect (see subsection 3.2.1). To further improve the temperature distributions the spacing between the catheters, 15 mm in the simulations, may be decreased, which would improve the lateral SAR control.
Inhomogeneities present in the implant volume lead to inferior temperature distributions if no longitudinal SAR control is available in the interstitial system used (Prionas et al 1994) : it is then impossible to devise an electrode configuration compatible with the anatomy. If there is a limited amount of spatial control and the inhomogeneities are of comparable or larger scale, careful planning of the geometrical electrode configuration is essential. The performance of electrodes extending through the interface between media can be compromized, as shown in figure 10 . The hot spot that develops in the less conductive medium limits the power output of the affected electrode, leading to a cold spot in the other medium. Although effects seen in the CTVH may not be spectacular, there can be significant local deviations from the prescribed temperature, which may have consequences for tumour control (Oleson et al 1993) .
The results in subsections 3.2.1 and 3.2.2 suggest that inhomogeneities in the tissue properties within the implant have less impact than those at the boundaries of the implant (see figures 12 and 13), where the temperature gradients are larger. However, the inhomogeneities modelled here are of quite simple nature; in tumours irregular spatial variations of the tissue properties can be expected. In particular, when thermally significant discrete vasculature is present in the tumour volume, large gradients of the temperature within the implant can result . Using the discrete vessel capabilities of our newly developed thermal model (Kotte et al 1996) we will investigate the behaviour of the MECS system in more realistic anatomies.
